progression, steroid metabolism, and more than 20 genes modulating immune system function. The data indicate that EB1089 performs three key functions of a cancer chemoprevention agent; it is antiproliferative, it induces cellular differentiation, and has potential genoprotective effects. While no evidence was found for gene-specific differences in efficacy of 1,25-(OH) 2 N ATURALLY OCCURRING VITAMIN D 3 is found in a limited number of dietary sources (e.g. cod liver oil, oily fish), and is produced through the action of ultraviolet light on 7-dehydrocholesterol in the skin (1) . Vitamin D 3 is one of several factors produced by the complex homeostatic system in the skin, which, as a protective barrier and environmental sensor, is intimately connected to the body's immune and neuroendocrine functions (2) . Vitamin D 3 is 25-hydroxylated in the liver and converted into its active 1␣,25-dihydroxy form [1, 2 D 3 ] in the kidney and several peripheral organs, including skin (2, 3). 1,25-(OH) 2 D 3 signals through its cognate nuclear vitamin D receptor, which is a direct regulator of gene transcription. Signal transduction by 1,25-(OH) 2 D 3 has a broad range of physiological effects (2, 3) . Primarily, 1,25-(OH) 2 D 3 controls calcium transport in the intestinal epithelia, and modulates bone resorption. However, it has widespread effects on cellular proliferation and differentiation. 1,25-(OH) 2 D 3 stimulated differentiation of the OB 17 preadipocyte cell line (4) and induced immature basal layer skin cells to differentiate into keratinocytes (5) . Hematopoietic cell lines can be induced to differentiate along the macrophage/monocyte pathway (6) (7) (8) . 1,25-(OH) 2 D 3 inhibits proliferation of cells in several models of cancer, including myeloid leukemia, melanoma, and carcinomas of the breast, prostate, colon, and head and neck (3).
It is unlikely that regulation of a single gene provides the key to the growth inhibitory properties of 1,25-(OH) 2 D 3 and its analogs. Expression of genes encoding the cyclin-dependent kinase inhibitors p21 waf1/cip1 and p27 kip1 was strongly but transiently induced by 1,25-(OH) 2 D 3 in myeloid leukemia cells, and forced expression of p21 waf1/cip1 induced myeloid cell differentiation (9, 10) . However, the effect of 1,25-(OH) 2 D 3  on p21 waf1/cip1 expression varies widely in different cell types. Whereas 1,25-(OH) 2 D 3 treatment modestly increased p21
waf1/cip1 protein levels in LNCaP prostate cancer cells, no effect was observed on p21 waf1/cip1 mRNA or the p21 waf1/cip1 promoter in these cells (11) . Moreover, Hershberger et al. (12) and ourselves (13) found that 1,25-(OH) 2 expression is generally more consistent. Rapid and transient induction of p27 kip1 transcripts is accompanied by substantially delayed and more sustained increase in p27 kip1 protein (10, 14) , suggesting that additional mechanisms may control its expression.
The limiting factor for use of 1,25-(OH) 2 D 3 in cancer therapy has been hypercalcemia. However, many potent analogs have been developed with reduced calcemic effects (15, 16) . One such analog, EB1089, contains a side chain modified to render it less susceptible to catabolic degradation (17, 18) . In vivo studies of prostate and breast carcinomas using EB1089 dosages up to 1.0 g/kg/d showed no clinically significant hypercalcemia (19, 20) . Our previous experiments with a mouse model of HNSCC showed that an EB1089 dose of 0.25 g/kg/d reduced tumor growth by up to 80% in the absence of hypercalcemia (13) .
We are interested in investigating the potential chemopreventive effects of 1,25-(OH) 2 D 3 analogs using HNSCC as a model. Early stage HNSCC can be successfully treated with surgery and/or radiation therapy. However, primary tumors are often associated with areas of dysplastic epithelia, which lead to the development of second primary carcinomas (SPC) at an annual rate of 3-7%. Thus, it is important to identify chemopreventive agents in HNSCC. Accumulating epidemiological evidence suggests that 1,25-(OH) 2 D 3 analogs may have widespread chemopreventive effects (16) . Preclinical studies with models of colon (16, 22) , cheek pouch (23), gastrointestinal (24) , and skin carcinogenesis (25, 26) have also provided evidence for chemoprevention. We found that 1,25-(OH) 2 D 3 and EB1089 induced the expression of the growth arrest and DNA damage (gadd45␣) gene in human and mouse HNSCC lines in vitro and in tumors by an apparently p53-independent mechanism (13, 21) . GADD45␣ is required for normal DNA repair and maintenance of global genomic stability (27) . This strongly suggests that 1,25-(OH) 2 D 3 and its analogs can act as a genoprotective agents. Induction of DNA repair mechanisms may represent a feedback response to the stimulation of cutaneous vitamin D synthesis by ultraviolet light.
Here, we have used oligonucleotide microarrays to perform large-scale profiling of the effects of EB1089 and 1,25-(OH) 2 D 3 on gene expression in human HNSCC cells at several times over a 48-h period. Nuclear receptor signaling is ideally suited for microarray analysis, as ligand-bound receptors bind to promoter regions and directly regulate the expression of most of their target genes. These studies provide numerous insights into the effects of 1,25-(OH) 2 D 3 and its analogs on cell proliferation, differentiation and regulation of immune system function.
RESULTS AND DISCUSSION

Time Courses of EB1089-Regulated Gene Expression in Human SCC25 Cells
We previously found that proliferating human SCC25 HNSCC cells were arrested in G0/G1 by treatment with nanomolar concentrations of EB1089 (21) . To determine the molecular events underlying growth arrest, and to assess its potential as a chemopreventive agent, we analyzed the effects of EB1089 treatment on gene expression using Affymetrix HuGene FL oligonucleotide microarrays. SCC25 cells were treated for 0, 1, 2, 6, 12, 24, and 48 h with EB1089 in three independent experiments. Before microarray screening, the response to EB1089 in each experiment was verified by Northern analysis of amphiregulin gene expression (data not shown), as our previous work demonstrated that the amphiregulin gene is a direct target of 1,25-(OH) 2 D 3 (21, 28) .
Compiled raw data was initially analyzed by nonparametric ANOVA (29) to eliminate genes whose change in expression was not statistically significant (P Ͻ 0.05). Data were then filtered to eliminate genes included because of single chip artifacts, and those with erratic expression profiles that were not consistent between experiments (see below and Materials and Methods for details). While previous microarray studies used variation filters as high as 3-fold regulation (30), we chose a filter of 2.5-fold, corresponding to a minimum magnitude change of 200 fluorescence units, so that genes whose induction was similar to that of amphiregulin (average ϩ2.74-fold) would not be excluded. A list of 152 reproducibly regulated EB1089 targets composed of 89 up-regulated and 63 down-regulated genes is presented in Table 1 . The results indicate that EB1089 signaling impinges upon every aspect of HNSCC cell function both in terms of intracellular metabolism, and communication with the extracellular milieu.
The list contains a number of previously identified 1,25-(OH) 2 D 3 targets, including genes encoding integrin ␣7B, COX-2, and amphiregulin, which were identified in our earlier microarray analysis (21 (13, 21) . Although it appeared up-regulated, the gadd45␣ gene was not retained during the filtering process because The GenBank accession no. for each gene is provided in the first column. The second column lists the maximum fold regulation and time of maximal activation. The third column gives P value derived from nonparametric ANOVA. Note that P values of less than 0.00001 are listed as 0. The fourth column gives the cluster number derived in Fig. 2 . Genes whose regulation has been confirmed by RT-PCR analysis and/or Northern blotting are in italics. The profiles of individual experiments used to compile the above data are shown in Table 2 , which is published as supplemental data on The Endocrine Society's Journals Online web site, http://mend.endojournals.org/.
of elevated levels of nonspecific hybridization to control oligonucleotide sets (data not shown).
The range of fold regulation of target genes varied widely, with 24-hydroxylase exhibiting by far the highest up-regulation (196-fold at 48 h) of all genes identified. Expression of eight of these genes representing a range of fold regulations was further analyzed by Northern blotting (Fig. 1) . The results of Northern and microarray analyses are in very good agreement. Most importantly, regulation of all genes identified on microarrays was confirmed on Northern blots, and the relative magnitudes of fold regulation observed were the same using the two techniques. There was also broad agreement between the fold regulations observed using the two techniques. The exceptions were cystatin M and protease M, where fold inductions at 24 h of 6.7-and 18-fold, and 8-and 32-fold were observed by Northern blotting and microarray analysis, respectively. However, other differences in fold regulation were less than 2-fold. Taken together, these experiments, coupled with RT-PCR analysis (Table 1 , and see below), suggest that while the absolute magnitudes of fold regulation detected by microarray analysis may be somewhat higher in some cases than those detected by other techniques, the data compiled in Table 1 is highly reliable.
Initial clustering analysis of averaged data of reproducibly regulated genes processed by the K-mean algorithm with kϭ5 generated 4 clusters of up-regulated genes distinguished based on rapidity of induction (data not shown). No such resolution was achieved for downregulated genes, arising from fact that the absolute value of the average fold activation of the up-regulated genes at any given time point was substantially greater than that of the down-regulated genes. In addition, the Kmean algorithm is strongly dependent upon the choice of initial points (K number of initial conditions). Therefore, different initial points will have different nearest neighbors, and refinement of calculating means with various neighbors can generate different clusters starting from different initial conditions.
We have developed a method of clustering analysis that does not take into account initial conditions, and categorizes genes based on time of crossing of a threshold value (see Materials and Methods for details). The method generated symmetrical groups of clusters of upand down-regulated genes ( Fig. 2 , A-L). The profiles of cluster genes were generally much less erratic than genes eliminated by filtering (Fig. 2 , M and N). For example, the compiled data for E2F4 (a transcription factor controlling cell cycle progression), which suggests rapid up-regulation, is composed of three distinctly different profiles (Fig. 2O) . Indeed, analysis of E2F4 transcripts from EB1089 treated cells by RT-PCR revealed no regulation (Fig. 2O, inset) .
The 24-hydroxylase gene is among the most rapidly regulated genes in cluster U1, whereas regulation of the osteopontin gene is significantly slower (cluster U3; Fig. 2 , Table 1 ). The promoters of both of these genes contain vitamin D response elements (VDREs) (31, 32) . In addition, regulation of the carbonic anhydrase II gene, whose chicken homolog contains a VDRE (33), fell into cluster U3. This indicates that the kinetics of gene induction by the EB1089/VDR bound to different VDREs is strongly promoter specific. Several cell cycle regulatory genes whose products function after the G1/S boundary were among the more slowly regulated genes in clusters D3 and D4 (Table 1) , likely reflecting the gradual diminution of cells in S phase or later. This is supported by observations that cyclin A1 and cyclin B levels in cells in G2 do not change during EB1089 treatment (not shown).
Regulation by EB1089 of Markers Associated with Cancer Cell Progression
EB1089 signaling regulates the expression of several markers associated with progression of cancer phenotypes. Of genes whose expression is reduced or eliminated in cancer cells, almost all are up-regulated by EB1089 (Fig. 3A) . Two of the more strongly induced genes, kallikrein protease protease M and the cysteine protease inhibitor cystatin M (Table 1 and Fig. 3A) , are down-regulated in breast cancers (39, 40) , as is calm- odulin-like protein (41) . Calmodulin-like protein is a marker of epithelial cell differentiation (41) . Genes encoding semaphorin 3B and 3F lie in a region of chromosome 3 deleted in lung cancers (42) (43) (44) . The exception to the above is HBp17, a putative regulator of FGF signaling that was expressed at lower levels in SCC than in primary cultures of keratinocytes (45) .
EB1089 also down-regulates a large number of genes that are overexpressed in cancers (Fig. 3B) , including tumor antigen L6, carcinoma associated antigen GA733-2, and squamous cell carcinoma antigen (SCCA). SCCA is a serum marker of uterine cervix, head and neck, lung, and esophageal cancers, and ablation of its expression inhibits growth and induces natural killer cell infiltration of tumors (46) . Another down-regulated gene, tenascin C, is an early marker of HNSCC progression (47) Similarly, repression of overexpressed N-cadherin in head and neck squamous cell carcinoma is associated with restoration of an epithelial phenotype (48) .
The above results suggest that EB1089 treatment reversed the malignant phenotype of SCC25 cells. This possibility was investigated further by immunofluorescence analysis of three markers that are differentially expressed in cancer cells, cystatin M, protease M, and N-cadherin. Both protease M and cystatin M transcripts are strongly induced by EB1089, and cystatin M is an ideal marker for these purposes because its expression is highly specific for differentiated epidermal keratinocytes (49) . In addition, up-regulation of N-cadherin in head and neck squamous, breast and prostate cancers ("cadherin switching") is associated with cancer progression, invasion and metastasis (48, 50, 51) . Immunofluorescence studies in control and EB1089-treated cells (Fig. 4) revealed a strong upregulation of cystatin M expression, giving rise to strong, relatively uniform cytoplasmic staining (Fig. 4,  A and B) . Similar results were obtained with immunofluorescence analysis of protease M expression (Fig.  4, C and D) , with the exception that elevated levels of protease M expression varied somewhat in EB1089-treated cells. In contrast, EB1089 treatment downregulated N-cadherin expression (Fig. 4, E and F) . This down-regulation included cell-cell contact sites, as well as the dotted pattern of non-cell-to-cell contacts seen in other carcinoma cells (51) . The changes observed are in excellent agreement with the regulation of the genes encoding these markers (Table 1, Figs. 1  and 3) . Moreover, in addition to providing evidence 
. Profiling of EB1089-Regulated Gene Expression
A, EB1089-dependent regulation of genes whose expression is generally disrupted or down-regulated in cancer. B, Genes whose expression is up-regulated in cancer. C, Genes controlling extracellular matrix structure and cell adhesion. Bottom, Cycloheximide does not block EB1089-dependent induction of collagenase 1 and stromelysin gene expression. SCC25 cells were treated with cycloheximide (C), and EB1089 (E) alone or in combination as indicated for 24 h. Total RNA was analyzed by RT-PCR for expression of stromelysin, collagenase 1. GAPDH expression was not affected (not shown). D, Genes controlling non-GPCR-mediated intracellular signaling. E, Genes modulating GPCR function. F, Genes encoding signaling peptides. G, Genes controlling regulation of immune system function. H, Genes controlling intracellular redox balance. Note that these categories are not mutually exclusive, and some genes may appear under more than one category. In addition, not all genes listed in Table 1 are presented.
that EB1089 reverses the malignant phenotype of SCC25 cells, these studies provide sensitive new markers for HNSCC progression and treatment.
Regulation of Genes Controlling ECM Structure and Remodeling, and Cell Adhesion Consistent with Induction of a Basal Keratinocyte Phenotype
EB1089 does induce expression of some genes that are often up-regulated in cancers, many of which are implicated in extracellular matrix (ECM) structure and remodeling. Up-regulated genes include those encoding transcription factor E1A-F, which controls matrix metalloproteinase (MMP) gene expression (52) , and two of its target genes, MMPs stromelysin and collagenase 1 (Fig. 2, B and C) . EB1089-dependent induction of stromelysin, collagenase 1 and E1A-F was confirmed by RT-PCR (Figs. 2 and 3) . Although E1A-F is a regulator of collagenase gene expression, cycloheximide did not block EB1089-induced expression of collagenase 1 or stromelysin (Fig. 3C, bottom) . This indicates that induction of E1A-F expression by EB1089 is not essential for observed regulation of collagenase 1 and stromelysin, and that EB1089 has both long-and short-term effects on matrix metalloproteinase expression. Expression of osteopontin, a noncollagen matrix protein implicated in ECM structure and remodeling was also up-regulated. Several studies have indicated that osteopontin, collagenase 1, and stromelysin play key roles in ECM remodeling during wound healing (53) (54) (55) . Up-regulation of their expression by EB1089 provides a molecular genetic basis for the proposed stimulatory role of 1,25-(OH) 2 D 3 in wound healing (56) .
The strong induction (22-fold) of expression of the type XIII collagen gene, a transmembrane collagen, provided further evidence that EB1089 induced kera- tinocytic differentiation of SCC25 cells. Interestingly, trimerization of type XIII collagen is activated by prolyl 4-hydroxylase (57), whose gene is also up-regulated (Fig. 3C) . Type XIII collagen is expressed in normal human epidermis and is present at cell-to-cell contact sites and at the dermal-epidermal junction. It is highly colocalized with E-cadherin and may be a component of adherens-like junctions (58) . In addition, expression of phosphotyrosine phosphatase PTP-1B, whose activity has been associated with enhanced cell adhesion (59) , is also increased.
EB1089 also up-regulates BPAG-1 (bullous pemphigoid antigen-1; Fig. 3C ), a component of hemidesmosomes, structures essential for adhesion of epithelial cells to basement membranes (60) . Absence or disruption of hemidesmosomal components gives rise to devastating bullous pemphigoid blistering skin disorders. EB1089 also induces expression of desmoglein 3 ( Fig. 3C) , a cadherin component of desmosomes (60) , and the autoantigen in pemphigus vulgaris. It is noteworthy that desmogleins are expressed in a gradient in the epidermis, with desmoglein 3 most abundant in the basal layer (61) . This observation, coupled with the up-regulation of type XIII collagen and hemidesmosomal components, provides further evidence that EB1089 induces a more epithelial, less malignant phenotype in SCC25 cells, consistent with that of basal keratinocytes.
Pleiotropic Effects of EB1089 on Inter-and Intracellular Signaling
Expression of several factors controlling intracellular signaling was altered in EB1089-treated cells (Figs. 2,  D-F) , including a number of genes encoding proteins controlling G protein-coupled receptor signaling (Fig.  3E) . Up-regulated genes include those encoding the A kinase anchoring protein Ht31, and RGS2/G0S8, which is a selective inhibitor of Gq ␣ signaling (62) . The induction of RGS2/G0S8 is intriguing, as its expression is also induced by PTH in bone (63) , which can signal through a G protein-coupled receptor linked to Gq ␣ (64). 1,25-(OH) 2 D 3 represses PTH receptor (PTH1R) signaling by inhibiting expression of the receptor and ligands PTH and PTHrP ( Fig. 3F ; Refs. 34, 35, 65) . In addition, EB1089 treatment induces expression of the G receptor kinase GRK5 (Fig. 3E) , which can repress PTH1R function (66) . These results indicate that, in addition to inhibiting ligand and receptor expression, 1,25-(OH) 2 D 3 signaling can also repress PTH1R function by inducing expression of factors that inhibit signaling via Gq ␣.
Expression of a number of signaling peptides was altered in treated cells (Fig. 3F) , emphasizing the neuroendocrine nature of epidermal function (2). Our previous studies have shown that induction of amphiregulin (Fig. 3G) can inhibit SCC25 proliferation (28) . Down-regulated genes include galanin, a neuropeptide implicated in nerve regeneration after injury (67) , and S1-5, a relatively uncharacterized factor with EGF-like domains (68) . Consistent with its antiproliferative effects, EB1089 down-regulated expression of several mitogenic factors. These include VEGF-related protein, which is mitogenic in Kaposi's Sarcoma and hematopoietic cells (69, 70) , Cyr61, which encodes a growth factor implicated in angiogenesis and tumorigenesis, whose expression is induced by estrogen in breast cancer cells (71) , and midkine, mitogenic factor overexpressed in several carcinomas (72) .
Regulation of Genes Controlling Immune System Function
Keratinocytes are considered to be an integral part of the immune system of the skin (2). The intimate connection of epithelial cells to immune system function is reinforced by the large number of EB1089-related genes in SCC25 cells implicated in immunoregulation (Fig. 3G ). The role of 1,25-(OH) 2 D 3 in controlling the function of epithelial cells in innate immunity (73) is underlined by the strong induction by EB1089 of the gene encoding the pattern receptor CD14 (Fig. 3H) , which is also a target gene in monocytic HL60 cells (37) . Significantly, another strongly induced gene is that encoding T1/ST2, a member of the IL-1 receptor family. Gene ablation studies in mice have revealed that T1/ST2 signaling is required for T helper 2, Th2, cell differentiation (74) .
EB1089 down-regulated interferon ␥-regulated genes encoding 9-27, 1-8D, interferon-inducible 56K protein, and the T cell chemokine IP-10, and the chemokine RANTES, which is also overexpressed in a number of cancers including more advanced breast cancer (75) . Interferon ␥ signaling and overexpression of IP-10 underlie the inflammatory reactions in psoriasis (76) . Previous studies have suggested that 1,25-(OH) 2 D 3 signaling can influence T helper cell differentiation (3). These data indicate that directs effects on epithelial cell signaling play a key role in the antiinflammatory action of 1,25-(OH) 2 D 3 analogs in skin. Our results are consistent with EB1089 stimulating Th2 responses, and inhibiting a number of genes associated with proinflammatory Th1 responses.
Control of Genes Regulating Cellular Redox Balance
EB1089 signaling regulates a number of genes encoding proteins that control cellular redox balance (Fig.  3H) . Induction of these genes by EB1089 and 1,25-(OH) 2 D 3 may represent a feedback response to epidermal vitamin D 3 synthesis induced by sunlight, which is an effective inducer of reactive oxygen species in skin (77, 78) . Up-regulated genes include glucose-6-phosphate dehydrogenase (G6PDH), selenoprotein P, glutathione peroxidase, thioredoxin reductase, HtrA, and, importantly, the nrf2 transcription factor. Selenoprotein P is a plasma heparin binding protein with antioxidant properties (79) . HtrA is an extremely well conserved protein whose prokaryotic homolog is essential for survival under conditions of oxidative stress (80) . Ablation of nrf2 expression in mice rendered them more susceptible to carcinogenesis and resistant to the protective effects of chemoprevention agents (81) . Nrf2 expression, which is induced by a number of chemopreventive agents, in turn induces expression of a number of phase II detoxifying enzymes. These events may provide a mechanism for protection by 1,25-(OH) 2 D 3 against dimethyl-benzanthracene carcinogenesis in hampster cheek pouch carcinoma (24) . Dimethyl-benzanthracene is activated by a series of oxidation steps, and detoxified by phase II enzymes (82) .
Both G6PDH and thioredoxin reductase contribute to nucleotide biosynthesis in proliferating cells and are overexpressed in cancer cells (83, 84) . However, in quiescent cells they are source of reducing equivalents. G6PDH is at the head of the pentose-phosphate shunt, which is a source of NADPH, and thioredoxin reductase uses NADPH to reduce thioredoxins, proteins that in turn reduce oxidized cysteines. Elevated G6PDH and thioredoxin levels protect against apoptosis, which is sensitive to redox balance. Recent studies have shown that short-term 1,25-(OH) 2 D 3 treatment of MCF-7 breast cancer cells has prooxidant effects (85) . However, unlike the results of obtained in SCC25 cells (Fig. 3) , G6PDH induction in MCF-7 cells was modest, and no changes in glutathione peroxidase levels were found. Significantly, however, 1,25-(OH) 2 D 3 is an effective inducer of apoptosis in MCF-7 cells, whose onset can be controlled by redox balance, whereas no evidence for apoptosis was found in 1,25-(OH) 2 D 3 -treated SCC25 cells (21) . This suggests that the effects of 1,25-(OH) 2 D 3 on redox balance may be cell specific.
EB1089 and 1␣,25(OH) 2 D 3 Regulate Target Gene Expression with Similar Efficacy
We have confirmed the regulation of a total of 30 genes by Northern blotting and/or RT-PCR (Figs. 1 and 5, Table 1 ). In addition to the 17 genes presented in Fig. 5 , regulation of 9 other genes was confirmed at single time points (Table 1 , and data not shown). We have also compared regulation by EB1089 and 1,25-(OH) 2 D 3 of several target genes. Structure/function studies have suggested the VDR forms structurally distinct complexes with EB1089 and 1,25-(OH) 2 D 3 , possibly providing a molecular basis for gene-specific effects of the two compounds (86) . In preliminary analyses by RT-PCR of the effects of 24 or 48 h treatment with EB1089 or 1,25-(OH) 2 D 3 , several target genes analyzed appeared to be differentially regulated by two compounds (data not shown). Therefore, we compared target gene regulation by EB1089 and 1,25-(OH) 2 D 3 over the entire 48 h time course (Fig. 5) . The results showed that 1,25-(OH) 2 D 3 regulated expression of several genes more transiently than EB1089 but did not provide any evidence for gene-specific differences in efficacy of the two compounds (Fig. 5) .
To examine the potential role of 24-OHase in attenuation of 1,25-(OH) 2 D 3 signaling by 48 h, we compared expression profiles in SCC25 cells treated with vehicle, EB1089 or 1,25-(OH) 2 D 3 in the presence or absence of the cytochrome P450 inhibitor ketoconazole (Fig. 6) . As expected, induction of T1/ST2 expression by EB1089 after 48 h was strong, and was unaffected by ketoconazole. In contrast, while the effect of 1,25-(OH) 2 D 3 alone after 48 h was weaker, T1/ST2 expression remained high in cells treated with 1,25-(OH) 2 D 3 and ketoconazole together and was essentially identical to that observed in the presence of EB1089 or EB1089 and ketoconazole. Similar effects of ketoconazole were observed on 1,25-(OH) 2 D 3 -dependent induction of semaphorin 3B, and type II 17␤-hydroxysteroid dehydrogenase genes, and on repression of the SCCA gene (Fig. 6) . No effects were observed of ketoconazole alone or with ligands on GAPDH expression (not shown). Thus, the more sustained regulation of several target genes by EB1089 is likely due to its insensitivity to induction of 24-OHase activity. The variability observed in the relative durations of the regulatory effects of EB1089 and 1,25-(OH) 2 
CONCLUSIONS
The studies above provide multiple insights into not only the potential of 1,25-(OH) 2 D 3 analogs as agents of cancer chemoprevention, but also into the physiological actions of 1,25-(OH) 2 D 3 in a number of tissues, including skin, bone, and the immune system. The data indicate that EB1089 performs key functions of a cancer chemoprevention agent; it is antiproliferative, it induces cellular differentiation, and it has potential genoprotective effects over and above our previous findings of the induction of GADD45␣ (13, 21) . Differential effects on gene expression of EB1089 and 1,25-(OH) 2 D 3 were attributable to the insensitivity of EB1089 to 24-OHase activity, suggesting that differences in action of the two compounds arise more from their sensitivity to metabolism and than from differential action of the VDR bound to each ligand.
MATERIALS AND METHODS
Tissue Culture and RNA Extraction SCC25 cells were obtained from the American Type Culture Collection (Manassas, VA), and were cultured under recommended conditions. Cells cultured in 10-cm plates under conditions where controls cell could proliferate for at least 10 d before confluence (21) . Media were changed 24 h before treatment with EB1089 or 1,25-(OH) 2 D 3 (100 nM) in dimethylsulfoxide for 0, 1, 3, 6, 12, 24, or 48 h as previously de-scribed (21) . Total RNA was extracted with TRIZOL (Life Technologies, Inc., Burlington, Ontario, Canada), and 10 g of RNA isolated from EB1089-treated cells were used for microarray analysis. Cycloheximide (200 nM; Sigma-Aldrich Canada, Oakville, Ontario, Canada) was added 1 h before addition of EB1089 as indicated. Ketoconazole (100 nM; Sigma-Aldrich Canada) was added along with EB1089 and 1,25-(OH) 2 D 3 as indicated.
Microarray Screening and Data Analysis
Probe for microarray analysis was generated, and Affymetrix HuGene FL human gene oligonucleotide microarrays were screened as described in Novak et al. (87) . Screenings for EB1089-regulated genes were performed with three sets of probes generated from three independent tissue culture experiments. To test for statistically significant changes in signal intensity, compiled data was screened initially by nonparametric ANOVA (29) using a P value of Ͻ 0.05. Genes retained were then filtered for those whose expression was up-or down-regulated a minimum of 2.5-fold at some point during the 48-h time course, corresponding to a minimum magnitude change of 200 fluorescence units. The data were filtered to eliminate genes with noisy expression profiles by calculation of cross correlations between individual profiles and hyperbolic tangents [x(t)ϭtanh(nt/2)], where x is normalized fold induction, t is time, and n is a time constant controlling time of saturation. Profiles of up-regulated genes with correlation coefficients of 0.8 or less, and down-regulated genes with correlation coefficients of less than Ϫ0.8 were eliminated.
A method of clustering analysis was developed that classifies groups of genes based on time of regulation with respect to a threshold value, and does not take into account initial conditions. Maximal gene regulation was normalized to 1 for up-regulated genes and Ϫ1 for down-regulated genes. Given that experimental measurements were performed at 0, 1, 2, 6, 12, 24, and 48 h, the number of intervals initially generates 6 clusters each for up-and down-regulated genes. Clustering was evaluated for threshold values between 0.25 and 0.75, and Ϫ0.25 and Ϫ0.75 for induced and repressed genes, respectively. The number of clusters was then heuristically adjusted based on the following criteria: 1) a cluster must contain at least two genes; 2) the mean value of each cluster does not cross that of another cluster near the threshold. The optimum threshold was chosen as that generating the maximum cluster stability defined by the probability of a gene belonging to the same cluster in the average data set and the individual data sets. Based on these criteria, 0.50 and Ϫ0.50 were chosen as threshold values. The time the threshold is crossed was computed using a linear interpolation method. To avoid multiple threshold crossings, only the first crossing with a positive derivative for up-regulated genes, and negative derivative for down-regulated genes were considered. Analysis was carried out using Mathlab 6.12 (MathWorks Inc., Natick, MA).
Immunofluorescence
SCC25 cells were plated on cover slips and treated with dimethylsulfoxide vehicle or 100 nM EB1089 for 72 h. Cells were processed for immunolabeling as described in (88) . Briefly, cells were fixed in 2% paraformaldehyde and permeabilized, and blocked with Triton X-100/BSA. Cells were sequentially labeled with affinity purified rabbit anticystatin M (1:50; Refs. 40, 49) , mouse antiprotease M (1:150; Ref. 89) or rabbit anti-N-Cadherin (1:50; Sigma) primary antibodies for 1 h at room temperature followed by Cy3-conjugated goat antirabbit or Cy2-conjugated goat antimouse secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 1 h at room temperature. Immunofluorescence was visualized with a Bio-Rad Laboratories, Inc. (Hercules, CA) MicroRadiance confocal microscope at an optical thickness of approximately 10 m using 25Ϫ or 63Ϫ objectives. For each pair of control and EB1089-treated samples, images were acquired and processed using identical parameters. Digital images were prepared using Adobe Photoshop.
Northern Blotting and RT-PCR Analysis of Regulated Gene Expression
Total RNA was extracted from SCC25 cells using Trizol (Life Technologies, Inc.). Denatured RNA (3 g) was reverse transcribed in a 20 l reaction at 42 C for 50 min with SuperScript II (Life Technologies, Inc.) according to the supplier's instructions. Amplification conditions were optimized in preliminary experiments so that maximal amplification fell within the linear range. Products were diluted to 200 l, denatured at 95 C for 2 min, and then amplified as follows: Tenascin C, (27 cycles; 94 C, 30 sec; 57.5 C, 45 sec; 72 C, 45 sec) with forward 5Ј-CCACAGCTGGGAGATTTAGC-3Ј and reverse 5Ј-CTGGGAGCAAGTCCAGAGAG-3Ј primers; Nrf2, (21 cycles; 94 C, 30 sec; 57.5 C, 45 sec; 72 C, 45 sec) with forward 5Ј-ACCCTTGTCACCATCTCAGG-3Ј and reverse 5Ј-TTGC-CATCTCTTGTTTGCTG-3Ј primers; dihydrodiol dehydrogenase, (21 cycles; 94 C, 30 sec; 57.5 C, 45 sec; 72 C, 45 sec) with forward 5Ј-GGTCACTTCATGCCTGTCCT-3Ј and reverse 5Ј-GGATGACATTCCACCTGGTT-3Ј primers; stromelysin (27 cycles; 94 C, 30 sec; 57.5 C, 45 sec; 72 C, 45 sec) with forward 5Ј-AACCTGTCCCTCCAGAACCT-3Ј and reverse 5Ј-TGGGTCAAACTCCAACTGTG-3Јprimers; Collagenase 1, (27 soaked in 3% SSC and 0.1% SDS at 50 C, and prehybridized at 42 C in 50 mM phosphate buffer pH 6.5, 50% formamide, 5% SSC, 10% Denhardt's solution containing 250 g/ml sheared, and denatured salmon sperm DNA. Hybridization was carried out in the same solution by the addition of 32 Plabeled cDNA probes. After hybridization, the membrane was washed 4 times in 2% SSC and 0.2% SDS for 5 min, 3 times in 0.1% SSC and 0.2% SDS for 30 min at 50 C, dried, and autoradiographed. Band intensities were quantitated using the FluorChem digital imaging system and AlphaEaseFC software (Alpha Innotech Corp., San Leandro, CA).
